Visual information is an essential guide when interacting with moving objects, yet it can also be deceiving. For instance, motion can induce illusory position shifts, such that a moving ball can seem to have bounced past its true point of contact with the ground. Some evidence suggests illusory motion-induced position shifts bias pointing tasks to a greater extent than they do perceptual judgments. This, however, appears at odds with other findings and with our success when intercepting moving objects. Here we examined the accuracy of interceptive movements and of perceptual judgments in relation to simulated bounces. Participants were asked to intercept a moving disc at its bounce location by positioning a virtual paddle, and then to report where the disc had landed. Results showed that interceptive actions were accurate whereas perceptual judgments were inaccurate, biased in the direction of motion. Successful interceptions necessitated accurate information concerning both the location and timing of the bounce, so motor planning evidently had privileged access to an accurate forward model of bounce timing and location. This would explain why people can be accurate when intercepting a moving object, but lack insight into the accurate information that had guided their actions when asked to make a perceptual judgment.
Introduction
For most people, vision is an essential guide for implementing successful actions. Even a simple task like picking up a glass of beer can have unwanted consequences (e.g. spillage) if vision does not provide an accurate estimate of where the glass is in relation to the hand. Moreover, as both hands and objects move, information regarding positioning must be constantly updated (Zago et al., 2009 ). The visual system, therefore, has the important responsibility of providing an on-line stream of veridical information concerning relative spatial positions, which is used when generating motor commands (Kakei, Hoffman, & Strick, 1999 .
Interestingly, the perceived positions of moving objects can be biased by motion (Arnold, Thompson, & Johnston, 2007; De Valois & De Valois, 1991; Freyd & Finke, 1984; Kerzel, 2003c; Musseler, Stork, & Kerzel, 2002; Ramachandran & Anstis, 1990; Whitney, 2002; Whitney et al., 2008) . More precisely, people consistently report the perceived position of a moving object as being shifted forward in its direction of motion (Whitney, 2002) . For instance, Whitney and colleagues (Whitney et al., 2008 ) investigated motion-induced spatial misperceptions in a real-life scenario, by examining the accuracy of line calls in tennis. They found that line judges were systematically biased to report that balls had landed past their true bounce locations.
Some suggest that there are distinct visual systems, one for generating conscious visual perceptions and another that mediates actions (Goodale, 2008; Goodale & Westwood, 2004; Milner & Goodale, 2006 , 2008 Westwood & Goodale, 2003) . As a consequence, there is great interest in contrasting perceptual judgments and motor actions when perception is known to be erroneous. For static inputs there are several reports that actions are not shaped by perceptual illusions (Aglioti, Desouza, & Goodale, 1995; Ganel, Tanzer, & Goodale, 2008; Haffenden & Goodale, 1998; Haffenden, Schiff, & Goodale, 2001; Stottinger et al., 2010 ; but see Franz & Gegenfurtner, 2008) . Research concerning moving objects might seem to contradict the afore mentioned reports, as motor actions seem to be more, not less, prone to error due to motion relative to perception (Ashida, 2004; Burr, Morrone, & Ross, 2001; Kerzel, 2003b Kerzel, , 2003c Yamagishi, Anderson, & Ashida, 2001) . In these latter experiments participants were usually asked to point to the last seen position of a moving object after it had disappeared. This resulted in pointing toward even more advanced locations, in relation to physical offset, relative to the disappearance point suggested by perceptual judgments. Note that both perceptual judgments and pointing indicated positions beyond the physical offset location, a bias in the direction of movement, but pointing was directed to even more extrapolated positions (Ashida, 2004; Burr, Morrone, & Ross, 2001; Kerzel, 2003b Kerzel, , 2003c Yamagishi, Anderson, & Ashida, 2001 There is thus something of a paradox between findings regarding visual illusions for static targets, which reportedly do not impact motor actions (Aglioti, Desouza, & Goodale, 1995; Ganel, Tanzer, & Goodale, 2008; Haffenden & Goodale, 1998; Haffenden, Schiff, & Goodale, 2001; Stottinger et al., 2010) , and motion-induced perceptual distortions, which seem to shape actions to a greater extent than they do perception (Ashida, 2004; Burr, Morrone, & Ross, 2001; Kerzel, 2003b Kerzel, , 2003c Yamagishi, Anderson, & Ashida, 2001 ). We believe this paradox can be resolved if one considers both bodies of literature to be indicative of accurate motor planning. This relationship is obvious for motor actions directed toward static objects, given that these are reportedly accurate even in the presence of a perceptual distortion (Aglioti, Desouza, & Goodale, 1995; Ganel, Tanzer, & Goodale, 2008; Haffenden & Goodale, 1998; Haffenden, Schiff, & Goodale, 2001; Stottinger et al., 2010) . This relationship is, however, perhaps less obvious for moving targets, given that pointing is more biased by movement than is perception (Ashida, 2004; Burr, Morrone, & Ross, 2001; Kerzel, 2003b Kerzel, , 2003c Yamagishi, Anderson, & Ashida, 2001) .
We would argue that accurate interceptive actions rely not on calculating where a moving object currently is, but on determining where that moving object will be by the time an interceptive action can be executed (Tresilian, 2004 (Tresilian, , 2005 . Thus accurate interceptive actions must allow for displacements that would normally ensue due to an object's motion. Accordingly, demonstrations that actions carried out post object disappearance are more influenced by motion than are perceptual judgments (Ashida, 2004; Burr, Morrone, & Ross, 2001; Kerzel, 2003b Kerzel, , 2003c Yamagishi, Anderson, & Ashida, 2001) might not show that these actions are susceptible to a motion-induced illusion. Rather, they might reflect the planning required for accurate interceptions of moving objects, with ballistic actions directed toward extrapolated positions relative to physical object locations at the time of motor planning. Thus pointing might be directed toward what would have been a future position of a disappeared object, as this extrapolation would have been necessary for successful interception (see DeLucia & Liddell, 1998; Marinovic, Plooy, & Tresilian, 2009 ). The implication is that interactions with moving objects that can still be seen should typically be accurate, whereas previous research suggests that perceptual reports regarding the same stimuli will be inaccurate (Arnold, Thompson, & Johnston, 2007; De Valois & De Valois, 1991; Freyd & Finke, 1984; Kerzel, 2003c; Musseler, Stork, & Kerzel, 2002; Ramachandran & Anstis, 1990; Whitney, 2002; Whitney et al., 2008) .
Here we report the results of three experiments in which we contrast the accuracy of interceptive actions and perceptual judgments concerning moving objects. In Experiments 1 and 2 participants were required to move a ''virtual paddle'' on a computer monitor to the location at which a moving disc would bounce in order to intercept it -a behavioural measure of the accuracy of interceptive actions. After the disc had bounced and disappeared participants judged the bounce location relative to a reference point -a perceptual measure of bounce location. In Experiment 3 participants watched a replay of their actions from Experiment 1 and judged the bounce location relative to a moving reference point -a behavioural measure of the accuracy of interceptive actions taken in the absence of a concurrent task demand (e.g. arm movement). In all cases we find that perceptual judgments are inaccurate, biased in the direction of motion, whereas interceptive actions tend to be accurate.
Experiment 1

Participants
There were 11 participants, including 2 of the authors (WM and DA) and 9 volunteers, who were naïve as to the purpose of the study. All reported normal or corrected to normal visual acuity.
Apparatus and procedure
Stimuli were presented on a 21-in. monitor (Trinitron Model P1130) at a resolution of 1280 Â 1024 pixels and a refresh rate of 85 Hz. Stimuli were viewed from 57 cm with the head placed in a chin rest. All visual stimuli were generated using Cogent 2000 Graphics running in MATLAB 7.5 (The MathWorks, USA).
Visual stimuli consisted of a moving disc, a paddle and a landing surface (see Fig. 1 for a schematic). The moving disc subtended 0.93°of visual angle at the retina (dva). The virtual paddle subtended 1.12 dva horizontally and 0.29 dva vertically. As depicted in Fig. 1 , the centres of both the paddle and the moving disc were marked with a black line (width = 0.15 dva). The horizontal speed of the moving stimulus was either 14.8 or 15.6 dva/s, presented in a pseudo random order. The average vertical speed of the disc, up until the time of the bounce, was either 3.9 or 4.3°/s. These values yielded flight times (interval between ball motion onset and bounce) of 1927 or 1833 ms respectively.
The vertical speed of the moving disc (d v ) was varied to emulate gravitational forces. The vertical displacement was manipulated according to the following equation:
2 , where g is 9.8 m/ s 2 and t is the elapsed time. This simulation was initially based on an object falling from either 18.2 or 16.4 m above the ground and then scaled by a factor of 0.004 and of 0.005 respectively, in order to allow the animation to be displayed on the monitor. Different scale factors were used so that the initial vertical position of the ball did not cue the bounce location prior to motion onset. Each trial began with the presentation of a static disc, either to the left or right of the display (0.46 ± 0.1 dva from the screen corner, see Fig. 2 ). The direction of disc motion was always away from the initial starting position, either from left to right, or right to left. The initial position of the paddle on the screen was determined by positioning it at a random distance (between 9.4 and 6.27 dva) away (behind in terms of the direction of motion) the x-position where the disc would bounce in the upcoming trial. Participants could then move the paddle to their preferred initial position before triggering the disc's motion by pressing a mouse button. An online measure of motor response was obtained by recording mouse and disc x positions during disc motion.
Task
In the interceptive action task, participants were asked to move the paddle, as soon as possible, to the bounce location in order to intercept the moving disc at the time of bounce. They were asked to try to align the vertical line marker on the moving disc with that on the paddle at the time of the bounce. Measurements of the instantaneous positions of the virtual paddle and the moving disc were recorded before (À200 and À100 ms), at (0 ms) and after (100 ms) the time of the bounce. There was no feedback regarding interceptive accuracy.
For the perceptual judgement task, the moving disc and virtual paddle would disappear at the same time then, 1400 ms after the bounce, the paddle would reappear at the location it had occupied at the time of the bounce. Participants were asked to decide if this position was before, after, or precisely aligned with the bounce location. These responses provided a perceptual estimate of bounce location.
Results
On average, participants successfully positioned the paddle at the bounce location at the time of the bounce, as they had been asked to do (0 ms; one-sample t 10 = 1.27, p > 0.2, r = 0.37; see Fig. 3A and B) . In Fig. 3A we have depicted instantaneous differences between the positioning of the paddle relative to the moving disc. Four instantaneous differences are depicted. These include that from the time of the bounce (0 ms) and an additional three epochs ranging from 200 ms before to 100 ms after the bounce (À200 ms, À100 ms and +100 ms). Note that an instantaneous difference of 0 signifies that the paddle and moving disc were aligned, whereas positive differences signify that the paddle was advanced relative to the moving disc and negative values signify that the paddle was lagging. As can be seen in Fig. 3 the instantaneous offset of the paddle and the disc varied over time (repeated measures ANOVA F 3,30 = 88.136, p < 0.0001, g 2 p = 0.89; see Fig. 1A ), such that they were only aligned at the critical epoch -when the moving disc bounced (0 ms; see Fig. 3A ). Before the bounce the paddle was advanced relative to the disc and after the bounce it was lagging. This shows that participants were not simply tracking the disc with the paddle, but rather that they had access to accurate information concerning the bounce location, and had tried to position the paddle there even before the disc had bounced.
The discrepancy between a sampled and actual bounce position was determined by the position of the paddle at the time of the bounce, so each trial tended to provide a unique discrepancy (see Fig. 2 ). Responses were binned to 0.12 dva intervals (17 bins ranging from À0.94 to 0.94 dva). Logistic functions were fitted to individual distributions of apparent bounce location as a function of the physical discrepancy between sampled and actual bounce positions and 50% points were taken as estimates of perceived bounce position, as shown for a representative participant in Fig. 2 . Goodness of fit statistics were computed for all fitted curves using deviance D (Wichmann & Hill, 2001 ). These D values were compared to distributions of D 0 generated by a bootstrap method (N = 1000) using the parameters of the fitted curve. We found that all D values (with two exceptions) fell within 95% confidence limits for D 0 , suggesting a satisfactory goodness of fit for logistic functions in relation to our data. Moreover, the exclusion of participants' data for whom D fell outside 95% confidence limits did not qualitatively impact the overall pattern of results. Consequently we have reported results for all participants.
Analysis of perceived bounce location estimates revealed that participants felt the moving disc had landed beyond its true bounce location (one-sample t 10 = 4.439, p = 0.001, r = 0.81 see Fig. 3B ). Thus perception was inaccurate, while action at the time of the bounce was accurate. Contrasting estimates of bounce location taken from these two measures revealed a marginally significant difference (paired t 10 = 1.977, p = 0.076, r = 0.59 see Table 1 ).
Experiment 2
In Experiment 1 participants had moved the paddle from an earlier horizontal position, in terms of the moving disc's trajectory, to a later position in order to intercept the moving disc. One could reasonably ask if this fixed relationship had a qualitative impact on our results. In Experiment 2 we therefore conducted trials wherein the starting position of the paddle was both advanced of the critical bounce position, in terms of the moving disc's trajectory, and behind.
Materials and methods
Participants
There were twelve participants, including one of the authors (WM) and eleven volunteers who were naïve as to the purpose of the study. Six participants in Experiment 2 had taken part in Experiment 1.
Apparatus and procedure
The apparatus and procedures were as for Experiment 1, with the following exceptions. Participants were constrained to start moving the paddle from a position either advanced or behind the bounce location (from 7.84 to 6.27 dva). These starting positions were presented in different blocks of trials. Half of the participants started with the block in which the paddle was advanced whereas the other half started with the block where the paddle was behind (as per Experiment 1). Participants completed 120 trials in each block, 240 trials in total. Participants were given 16 practice trials for each block before experimental trials commenced.
Data analysis
As in Experiment 1, data from the perceptual judgement task, completed after the offset of stimulus motion, provided a distribution of apparent relative to physical bounce locations. Logistic functions were fitted to these distributions and 50% points were taken as individual estimates of perceived bounce location. Goodness of fit statistics were calculated for fitted logistic functions, as per Experiment 1. These fell within 95% confidence intervals for D 0 for all but one participant. The exclusion of this participant's data did not change the overall pattern of results. Thus we have reported results for all participants.
Results
Similar to Experiment 1, participants were accurate when aligning the paddle and disc at the time of bounce both when the paddle was initially behind (one-sample t 11 = 1.347, p > 0.2, r = 0.37) and advanced (one-sample t 11 = 1.113, p > 0.2, r = 0.33) relative to the physical bounce location, expressed in terms of the moving disc's trajectory. Analysis of perceptual judgments, however, indicated that participants perceived the bounce location as advanced of its physical location, both when the paddle was initially behind (onesample t 11 = 2.436, p = 0.033, r = 0.61) and advanced (one-sample t 11 = 2.681, p = 0.021, r = 0.64) of the bounce location. Comparisons between motor and perceptual judgments revealed a significant difference when the paddle started behind the bounce location (paired t 11 = 2.633, p = 0.023, r = 0.) and a marginally significant difference when the paddle was advanced (paired t 11 = 2.062, p = 0.063, r = 0.54). These data reveal that the dissociation, between accurate manual interceptions and inaccurate perceptual judgments as reported in Experiment 1, did not critically depend on the starting position of the paddle relative to the physical bounce location.
Experiment 3
A potential criticism of Experiments 1 and 2 is that perceptual judgments regarding the bounce position might somehow be biased by the requirement to monitor the moving disc while also manipulating the paddle. To address this in Experiment 3 we took away the participants' control of the paddle. Instead, we animated the paddle based on the participants' performance in Experiment 1.
Materials and methods
Details for Experiment 3 were as for Experiment 1, with the following exceptions. There were seven participants, including one of the authors (WM) and six volunteers who were naïve as to the purpose of the study. All participants in Experiment 3 had taken part in Experiment 1. In Experiment 3 participants did not manipulate the position of the paddle. Instead, they simply watched animations, wherein the movement of the paddle was determined by their own actions during Experiment 1. In effect, they were watching an action replay of their own performance. The order of presentation of animations was randomized and, therefore, different from the order in which participants had previously enacted the mimicked actions.
Results
As in Experiment 1, analysis of perceptual judgments (see Fig. 3C ) revealed an illusory offset of the bounce location in the direction of disc motion (one-sample t 6 = 2.534, p = 0.044, r = 0.72). These data reveal that the illusory perceptual offset of the bounce position was not contingent on manipulating the paddle while monitoring the moving disc.
General discussion
Here we have investigated the impact of visual motion on interceptive actions, and on perceptual judgments concerning the same stimuli. We found that interceptive actions were accurate whereas perceptual judgments were systematically biased, with the perceived bounce location extrapolated in the direction of motion. These data are therefore marked by a dissociation, between accurate interceptive actions and inaccurate perceptual judgments.
Our data suggest that we lack insight into an aspect of our own actions, otherwise both actions and perceptual judgments would be equally accurate or erroneous. To explain our observations one would have to assume that perception lacks insight into the more precise spatiotemporal estimate that is available to motor planning (White, Linares, & Holcombe, 2008) . One plausible reason for this is that tasks like the one we have adopted ask people to judge a property that the visual system is simply not adapted to encode -the instantaneous position of a moving object. We do not believe the dissociation in our data can be explained via participants having completed an unnatural 'action' (controlling a virtual paddle using a mouse) as previous research indicates that real (e.g. reaching and pointing) and mouse-guided actions are controlled in a similar fashion (Brenner & Smeets, 2003; see also O'Reilly & Plamondon, 2011) .
If visual perception provides an accurate sense of an objects trajectory, but does not provide a cascade of instantaneous posi- tion estimates, tennis line judges might have to infer an instantaneous position from information that more properly relates to an objects' trajectory. Such circumstances might encourage people to take a time averaged positional estimate when some salient section of the objects' trajectory is detected, say the section where the direction of the object changes (due to contact with the ground). Any event triggered process like this (Brenner & Smeets, 2000) would tend to result in a positional estimate that is biased toward samples taken after the triggering event, potentially explaining why people tend to report that moving objects bounced in an advanced position relative to the true bounce location (Whitney, 2002; Whitney et al., 2008) . The preceding suggestion is speculative, but we believe our data necessitates this sort of proposal. What is clear from our data is that perceptual judgments are not based on the same information that is used when making interceptive actions. The inaccuracy of the latter, coupled with the precision of the former, suggests that interceptive interactions are based on a typically accurate predictive code, or internal model of an object's motion (Zago et al., 2008 (Zago et al., , 2009 , whereas perceptual judgments concerning the instantaneous position of a moving object are based on an inaccurate inferential process.
Our proposal that interceptive actions reflect a predictive internal model necessary for accurate interceptions echoes explanations for illusory perceptual phenomena, such as representational momentum (see Kerzel, 2003a Kerzel, , 2003c ) and the flash-lag effect (Mackay, 1958; Nijhawan, 1994) . In both cases perception is biased, with moving objects seen in positions extrapolated along the trajectory of motion (see Whitney (2002) for a review). We remain skeptical of these explanations for perceptual phenomena, particularly in relation to the flash lag (see Arnold, Durant, & Johnston, 2003; Arnold, Ong, & Roseboom, 2009 ). These matters are, however, peripheral to the emphasis of this paper, which is primarily concerned with whether people have access into the dynamics of their own actions. Our data suggest not.
The apparent paradox, involving accurate actions for static inputs subject to an illusory visual distortion (Aglioti, Desouza, & Goodale, 1995; Ganel, Tanzer, & Goodale, 2008; Haffenden & Goodale, 1998; Haffenden, Schiff, & Goodale, 2001; Stottinger et al., 2010) but inaccurate actions for objects subject to a motion-induced illusion (Ashida, 2004; Burr, Morrone, & Ross, 2001; Kerzel, 2003b Kerzel, , 2003c Yamagishi, Anderson, & Ashida, 2001) , cannot be attributed to the presence of motion per se given the results of Experiments 1 and 2. Rather, we argue that both observations are consistent with accurate motor planning. People pointing toward extrapolated positions, when asked to indicate the last seen position of a moving object, might reflect the requisite motor planning for interception at the point when the moving object disappeared. This, however, need not mean that motor planning is subject to inaccurate positional information. Indeed, our data show that motor planning has access to a very accurate estimate of a moving objects' location at a critical epoch. Hence we suggest that the critical difference between our and previous studies is that motor responses were required at different epochs. Here actions were required while a moving object could still be seen, whereas previous reports required motor responses after stimulus offset (Ashida, 2004; Burr, Morrone, & Ross, 2001; Kerzel, 2003b Kerzel, , 2003c Yamagishi, Anderson, & Ashida, 2001) .
Our data suggest that the possession of accurate information concerning where and when a moving object will contact the ground, which is essential for planning and executing interceptive actions, does not result in accurate perceptions. Generalising to real life, while tennis players can accurately hit a fast moving ball, despite their dexterity they are likely just as fallible as umpires when judging where that ball had bounced (Whitney et al., 2008) .
